Polyamines with diamine structures of chain length longer than 3C were essential for the synthesis of phosphatidic acid (PA) from ricinoleoyl-CoA and lysophosphatidic acid (LPA) by the castor LPA acyltransferase reaction, suggesting that polyamines modulate enzyme affinity for the acyl-CoA substrate in vivo.
Castor oil, a natural oil obtained from the seeds of the castor bean (Ricinus communis L.), is unique in composition among all fats and oils in that it is composed of approximately 90% of a hydroxy unsaturated fatty acid, ricinoleic acid (12-hydroxy-cis-9-octadecenoic acid). This hydroxy fatty acid is a valuable raw material used in a variety of applications, such as lubricants, paints, dyes, and coatings.
Triacylglycerol (TAG) is synthesized de novo from glycerol 3-phosphate and acyl-CoAs by a combination of acylation and dephosphorylation. 1) In general, glycerol-3-phosphate (G3P) acyltransferase and diacylglycerol acyltransferase, which catalyze the first and third acylations respectively, have broad acyl-CoA specificities.
2) Generally, lysophosphatidic acid (LPA) acyltransferase, which catalyzes the acylation of LPA at the sn-2 position, has strict specificity for unsaturated acylCoAs.
2) Unsaturated acyl-CoAs are good substrates for the LPA acyltransferase from castor seeds. 3) We have reported that ricinoleoyl-CoA was not utilized for the acyltransferase reaction without polyamines, although the hydroxy fatty acid is an unsaturated fatty acid. Interestingly, activity for ricinoleoyl-CoA appeared with the addition of polyamines, including putrescine, spermidine, and spermine.
3) Polyamines are low-molecularweight polycations ubiquitous in plant cells. 4, 5) In the plant kingdom, these polyamines are involved in many metabolic processes, such as responses to biological stress and control of senescence and morphogenesis. 6, 7) Polyamines are also essential in seed development. 8) To elucidate the interaction between polyamines and the LPA acyltransferase reaction, we examined the dependence of the reaction on the chain length of carbon and the positive charge of polyamines. We also determined the acylation of LPA with different hydroxy fatty acids in the presence of polyamine. The discussion is focused on the relationship between the structure of polyamines and the LPA acyltransferase reaction for ricinoleoyl-CoA in castor bean.
1-Oleoyl-G3P was enzymatically prepared from 1,2-dioleoyl phosphatidylcholine, and acyl-CoAs were prepared by a mixed anhydride method. 9, 10) Castor bean plants (Ricinus communis L.) were grown in a field at Kyoto Prefectural University, Kyoto, Japan. Maturing castor seeds were harvested 28-30 days after flowering, when lipids accumulate in the seeds. Microsomes were prepared by the method described previously.
3) Protein was determined by the method of Lowry et al.
11)
Enzyme assay was followed spectrophotometrically by measuring the rate of increase in absorbance at 412 nm at 30 C by the procedure described previously.
3) The typical reaction mixture contained 0.05 M Tris/HCl (pH 8.5), 0.4 M sorbitol, 0.25 mM EDTA, 0.2 mM 5,5 0 -dithiobis-(2-nitrobenzoic acid)(DTNB), 25 mM 1-oleoyl G3P, 20 mM acyl-CoA, and 50 mg protein of the 20,000 g precipitate in a final volume of 1 ml. After preincubation of all other components at 30 C for 3 min, the reaction was initiated by the addition of microsomes, and was Note castor bean TAG was higher than those at positions 1 and 3, 3) and therefore, LPA acyltransferase was expected to utilize ricinoleoyl-CoA. However, no activity was found for ricinoleoyl-CoA at any concentration tested in vitro. Further research revealed that the rate of acylation of LPA at the sn-2 position with ricinoleate was markedly accelerated by the addition of polyamines (putrescine, spermidine, and spermine), while activities for other acyl-CoAs were inhibited by polyamines. To investigate the actions of polyamines in the LPA acyltransferase reaction, we examined the effects of various diamines with different carbon chain lengths on LPA acyltransferase activity (Fig. 1) . Ethylenediamine did not affect the acyltransferase reaction and diamines with chains lengths longer than 3C enhanced the incorporation rate of ricinoleate. Diamines longer than a chain length of 3C showed no remarkable differences in LPA acyltransferase activity for ricinoleate.
As Fig. 1 suggests, the positive charges of polyamines are important for incorporation of ricinoleate into position 2 of LPA, and hence the effects of positive charges on LPA acyltransferase reaction were examined using polylysine and chitosan (data not shown). Polylysine stimulated LPA acyltransferase activity for ricinoleoyl-CoA, whereas chitosan was completely inactive in the incorporation of both oleate and ricinoleate. Compounds with heterocycles and aromatic rings (2,2 0 -dipyridyl, 4,4 0 -bipyridyl, piperazine, 1,4,8, 11-tetraazacyclotetradecane, 1,5-diaminonaphthalene, and 1,2-bis(4-pyridyl)ethane) had no effect on the LPA acyltransferase reaction (data not shown). The cyclic structure or hydroxy groups of chitosan probably interfere with the incorporation of ricinoleate. These data suggest that a carbon chain length longer than 3 and the flexibility of the carbon chain are important for the synthesis of 2-ricinoleoyl-PA.
Since the correlation between the structure of polyamines and LPA acyltransferase reaction was evaluated in Fig. 1 , we tested the effects of spermidine on the LPA acyltransferase reaction for a very long chain fatty acid moiety and hydroxy fatty acid species with hydroxy groups at different positions and with various chain lengths. All the acyl-CoAs tested were utilized as substrates in the presence of 0.5 mM spermidine ( Fig. 2A) , and spermidine at 1 or 2 mM was also found to increase the incorporation rates of 12-hydroxydodecanoic acid, 3-hydroxytetradecanoic acid, and 13-docosenoic acid (Fig. 2B) . In oil-plant species containing unique fatty acids, such as epoxy, hydroxy, and very long chain fatty acids, polyamines can affect the activities of other enzymes engaged in lipid metabolism and can modulate TAG synthesis, e.g., G3P acyltransferase from E. coli, 12) and both G3P acyltransferase and LPA acyltransferase from safflower seeds. 9, 13) Castor LPA acyltransferase utilized hydroxy fatty acids with chain lengths of 16C and 18C as substrates, except for ricinoleic acid, in the absence of spermidine. Moreever, the trans isomer of ricinoleoyl-CoA served as a substrate, while LPA acyltransferase did not incorporate ricinoleic acid with a cis double bond into the sn-2 position of LPA without spermidine. However, there were no significant differences in the effects of spermidine on the LPA acyltransferase reaction for either cis or trans ricinoleoyl-CoAs. Polyamines in the LPA acyltransferase reaction most likely modulate the affinity of the enzyme for the substrate.
In vivo, phospholipids, nucleic acids, and acidic residues of membrane-bound proteins can interact with polyamines. Modulation of the surface charge by polyamines might play an important role in the regulation of membrane-bond enzymes dealing with charged substrates. 14) Several possible mechanisms for the stimulatory effect of polyamines on the LPA acyltransferase reaction have been reported:
3) (i) defense against disruption of endoplasmic reticulum (ER) membranes, (ii) modulation of the surface charge of ER membranes, (iii) direct interaction with LPA acyltransferase, (iv) the existence of isozymes, and (v) the binding of polyamines to the substrate, LPA or acyl-CoA. Possible mechanism (i) implies that the production of 2-ricinoleoyl PA disrupts the ER membrane structure and, that polyamines have a stabilizing effect by bridging and shielding the charged membrane. The LPA acyltransferase reaction for ricinoleoyl-CoA was performed by incubation for 5 min, and was followed by further addition of oleoyl-CoA to the reaction mixture (Fig. 3) . If this possible mechanism is active, LPA acyltransferase should not be able to utilize additional oleate. As a consequence, oleate was incorporated into LPA (experiment 3). These observations indicate that the production of 2-ricinoleoyl PA does not disrupt ER membranes. Even if polyamines interact with ER membranes, it appears that the interaction does not influence the enhancing effect of polyamines on LPA acyltransferase activity. LPA acyltransferase was an unstable enzyme, and the activity was reduced to about a half the initial value after 5 min of incubation at 30 C even in the absence of acyl-CoA and DTNB (experiments 1, 4, and 5).
Polyamines decreased the incorporation of normal fatty acids, such as oleic and linoleic acid, and increased the incorporation of unique fatty acids, such as erucic acid and hydroxy fatty acids, including ricinoleic acid (Fig. 2) . The substrate affinity of LPA acyltransferase is probably modulated by polyamines, i.e., it is anticipated that mechanism (iii), direct interaction with LPA acyltransferase, is active. Based on the data in Figs. 2 and 3, we speculate that the structure of the binding site for acyl-CoA is altered by the interaction of polyamines with the enzyme, and that the affinity of LPA acyltransferase for acyl-CoA consequently becomes less 
